ABSTRACT Capacitance-voltage (C-V) profiling is a useful technique for accurate and non-destructive determination of carrier concentrations in semiconductor materials. Recently, this measurement has been applied to the infrared barrier detector to determine the doping densities of the absorber and contact layers. This paper provides three contributions to the development of barrier detectors. First, we develop a physics-based semi-analytical model for computing the C-V characteristics derived from metal-oxidesemiconductor and heterojunction device physics and show that it is in agreement with results obtained from drift-diffusion simulations. Second, we assess the possibility of using the developed model to determine not only the absorber and contact doping densities, but also the doping density and thickness of the barrier layer. Lastly, we use the same drift-diffusion methodology to conduct a comprehensive parametric study of the C-V profile for a variety of absorber n-type doping densities, barrier N-and P-type doping densities, barrier thicknesses, and contact layer n-type doping densities. We also offer an extensive discussion of the role of the various device parameters on shaping the C-V profile. While this paper uses the InAsSb and AlAsSb material system, the analysis can be extended to other materials used to implement barrier devices, such as HgCdTe or superlattices.
I. INTRODUCTION
Capacitance-voltage (C-V) profiling is a popular characterization technique for non-destructively measuring dopant concentrations in semiconductor devices. Non-destructive techniques play a vital role in research and development of infrared detectors, where fabrication costs are high and yield is low. Additionally, C-V profiling can allow measurement of dopant concentrations that may be below the detection limits of other measurement techniques such as secondary ion mass spectroscopy or energy-dispersive X-ray spectroscopy.
The barrier detector [1] , [2] , similar to the design proposed by White [3] , has gained an increasing amount of attention for mid and long wave infrared photon detection due to several advantages over other III-V junction-based photodiode architectures. The most notable improvements include potential suppression of deleterious generationrecombination current from the low quality absorber material, a simplified fabrication procedure, and in situ passivation of the low bandgap surface. These advantages have allowed barrier detectors to emerge as a lower cost alternative to the dominant HgCdTe-based infrared technology.
There are several reports of using capacitance-voltage measurements to characterize the semiconductor layers in nBn or nBp detectors. Klem et al. found an unintentional n-type doping density in their absorber layer of about 2 × 10 15 cm −3 for both nBn and nBp photodetectors [4] . Klipstein et al. also determined the background doping density of the absorber layer through the reverse biased capacitance-voltage characteristic. They were also able to estimate the combined thickness of the barrier and contact layers through the forward biased C-V [5] . Evirgen et al. used C-V profiling to characterize three separate InSb-based nBn photodetectors [6] . More recently, Rhiger et al. characterized an nBn sample with a strained superlattice absorbing layer; they were able to determine an effective donor density in the absorber, and through the use of a witness metalinsulator-metal sample, the p-type doping density in the barrier layer [7] .
There have also been previous publications simulating barrier detectors, reporting band diagrams, dark current, and quantum efficiency. Reine et al. developed an analytical formalism supported by one-dimensional numerical simulations to describe the dark current and explore the underlying physics behind the operation of InAsSb-based devices with N and P-type barrier layers [8] , [9] . Itsuno et al. used a numerical model to compare a LWIR HgCdTe nBn architecture to the prevalent PpnN double layer planar heterojunction [10] , [11] . An extensive study on photontrapping structures was performed by Schuster et al. [12] . Klem et al. explored the differences between nBn and nBp architectures using drift-diffusion [4] . These works show that the transport phenomena and performance of unipolar barrier detectors can be accurately predicted by numerical methods.
However, there is a limited amount of information regarding the simulation of the capacitance-voltage characteristics of this type of device. In one work [13] , a device simulation was shown to be able to adequately reproduce the C-V profile when compared with a measurement from a single device. While this is evidence of the ability of drift-diffusion models to be used as an additional diagnostic or characterization tool, there is still little information on the role of the various layer parameters in shaping the C-V characteristic. The objective of this work is to build upon what is currently available in the literature by offering a rigorous discussion on the fundamental device theory that determines the C-V relationship and explore the parameter space through numerical simulation.
This article is organized as follows: Section II introduces the strategy we used to conduct our simulations. Section III discusses the underlying theory and the developed semi-analytical model. Sections IV and V present the simulated C-V characteristics. Finally, Section VI concludes the article.
II. SIMULATION METHODOLOGY
To simulate the capacitance-voltage characteristics, we used a finite-element implementation of the drift-diffusion model implemented by the Sentaurus TCAD software suite from Synopsys [14] . The primary advantages over an analytical approach is the removed reliance on the depletion approximation, the ability to incorporate finite layer thicknesses, and the ease of including position-dependent material properties. The capacitance is found by using the small-signal sinusoidal steady-state analysis method [14] , [15] .
When performing the calculations, we used a twodimensional structure representing a typical nBn-style detector [16] - [18] . The device consists of the following layers: a 0.5 μm GaSb substrate with a doping density chosen to ensure zero conduction band offset with the absorbing layer, a 3 μm InAs 0.91 Sb 0.09 absorbing layer (AL) with an n-type doping density varied between 10 14 and 10 17 cm −3 , an AlAs 0.1 Sb 0.9 barrier layer (BL) with N and P-type doping densities varied between 10 15 and 10 17 cm −3 , and a 100 nm InAs 0.91 Sb 0.09 contact layer (CL) with an n-type doping density that was varied between 5 × 10 15 and 10 17 cm −3 . The thickness of the barrier layer was also varied between 100 and 300 nm. The whole stack was assumed to be perfectly rectangular without any defining features. Perfect ohmic contacts representing the anode and cathode were placed on the contact layer and substrate respectively. Due to the extensive range of parameters studied in this work, each with at least 101 voltage steps, we limited the device width to 1 μm to provide a reasonable computation time. A schematic of the device is shown in Fig. 1 and the parameters varied in this study are summarized in Table 1 .
Unless otherwise mentioned we assumed complete ionization of dopants and a temperature of 150K when performing the calculations. We also did not consider bandgap narrowing effects. During the study, we found the C-V profile to be frequency independent, and attribute this to the small valence band offsets (VBOs) between layers, meaning that no inversion layer forms under strong reverse bias. As a result, we chose an arbitrary frequency of 1 MHz. The models that we used for the material properties, such as carrier mobilities, bandgaps, and generation-recombination coefficients, were gathered from literature [12] , [19] - [22] .
We compared preliminary simulation results with the highest studied doping densities with and without the use of Fermi statistics, and found no appreciable difference; therefore we opted to use Boltzmann statistics due to the reduced computational cost of the model. The conduction band density of states of InAs 0.91 Sb 0.09 is about 2.54 × 10 16 cm −3 at VOLUME 7, 2019 535
150K [12] . From this, we estimate that Boltzmann statistics will adequately model the Fermi energy position to within 2kT up to an electron density of approximately 2 × 10 17 cm −3 . Of course, Fermi statistics must be used when exceeding this value.
III. THEORY
The C-V characteristics of a barrier detector are best understood by considering three capacitances in series and comparing their relative magnitudes:
where C B , C j,AL and C j,CL are the barrier capacitance and the junction capacitances from the AL and CL semiconductor layers respectively. Due to the band alignment, an intrinsic or N-type barrier layer will cause accumulation in the n-type absorber and contact layers near zero bias. Under forward bias, where a positive voltage (V a > 0) is applied to the CL, the AL will become increasingly accumulated while the contact is depleted. Under reverse bias, the opposite is true. This behavior is demonstrated in Fig. 2 where we compute the conduction band diagram, electric field, and space charge density through the critical device areas as the absorber shifts from accumulation to depletion. Consider the case where the device becomes reverse biased. At a critical applied voltage, V x , the AL will cross over from accumulation to depletion. With further reverse bias the depletion region will expand, reducing C j,AL . Simultaneously, the CL is accumulated and C j,CL rises rapidly. Therefore, (1) can be reduced to a series combination of the AL and BL capacitances. The barrier capacitance is given by the parallel plate capacitance
where t, r , and 0 are the barrier thickness, relative permittivity, and vacuum permittivity respectively. The junction capacitance C j,AL is well described by [23] , [24] 
where L D is the extrinsic Debeye length calculated by
and β is q/kT. V AL is the surface potential at the AL-BL interface that can be used to describe the width of the depleted region or the degree of accumulation in that layer. The key to calculating the total capacitance is the determination of this surface potential.
In order to find a solution for V AL as a function of the applied voltage, we made a few simplifications. First, we assume Boltzmann statistics for the carrier distribution to write the electron density. Second, we employ the depletion approximation to set the electric field at an arbitrary depth in the AL to zero. Third, we assume that the BL is fully depleted. Finally, we will limit this analysis to reversebiased behavior, the case of an N-type barrier, and a highly doped contact layer. This means that the voltage drop in the accumulated CL will be small, and the capacitance of the CL can be neglected. If we consider forward bias, the same assumption can be applied to the AL. Given these constraints, we can apply Poisson's equation to the AL and BL. In the absorber, Poisson's equation in one dimension is written as where the electron density is expressed as
Notice that we have not included the free hole density. Contrary to what would be expected in an MOS capacitor, the material will never invert under reverse bias and will remain depleted because holes are free to move through the device due to the small VBO between the barrier and absorber.
Applying the depletion approximation as a boundary condition, we can solve the above equations to obtain the first expression for the electric field at the AL-BL surface [23] , [24] : Next, we apply Poisson's equation to the BL. Recall the assumption made at the beginning of this discussion of a fully depleted barrier. This allows us to simplify Poisson's equation to
Integrating twice and enforcing continuity of electric displacement, AL ε AL = BL ε BL , yields the second equation in terms of the electric field at the AL interface:
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This equation is the same as the expression derived by Reine et al. except for the inclusion of the built-in potential between the AL and CL, V bi , that accounts for the asymmetric doping between the absorber and contact layers [8] .
Unfortunately a solution for V AL for arbitrary V a cannot be expressed in closed-form when equating (4) and (5). We used a standard root finding algorithm to evaluate V AL . Figure 3 compares the total capacitance predicted by the semi-analytical approach in this section with the driftdiffusion simulation for a variety of barrier doping densities and thicknesses. We found the theory presented in this section strongly agrees with the drift-diffusion simulations. The slight overestimation of the capacitance near zero-bias in Fig. 3a . stems from the exclusion of the contribution from the contact layer.
Using this model, it is possible to extract the layer properties from a C-V profile by employing non-linear least-square curve fitting with the absorber doping density, N D,AL , barrier doping density, N D,BL , and barrier thickness, t as fitting variables. We tested this with two approaches. First, we used the simulation results as an input into the model. It is easy to assess the quality of the fit since we know the exact values of the doping densities and barrier thickness used to perform the calculation. Using this method, we found that the curve fitting process was able to successfully reproduce the absorber and barrier doping densities to within a factor of two, and the barrier thickness within 10 nm when using the simulation results as input data.
For the second approach we used an example set of data from a single nBn device found in literature [13] . The result of the curve fitting procedure is shown in Fig. 4 . We are able to achieve a high level of agreement between the fitted curve and the experimental results presented in the referenced work. The fitted value of N D,AL is in agreement with the reported values. The barrier thickness is estimated to be about 60 nm thicker than reported. This outcome agrees with their simulation result using a thinner barrier which slightly overestimates the capacitance near zero bias. They do not report a value for the BL doping, but a relatively high doping given by the fitted model is consistent with the large reverse bias required to deplete the AL. Finally, we also had to assume a value for the BL and AL compositions, so there may be additional variance introduced by the uncertainty of the dielectric constants.
It is essential to discuss the implications when the assumptions employed in this section breakdown. First, consider the case where the BL is no longer fully depleted. This occurs when the barrier is highly doped or is sufficiently thick. While it can be expedient to assume that the device capacitance will always be limited by the barrier, this can be misleading if the barrier is not entirely depleted. In this case, the BL capacitance will be comprised of two disparate depletion layers separated by a quasineutral region. Therefore, the total capacitance can exceed the "limit" given by (2) . This has implications near zero bias where the AL and CL capacitances are large. This is explored in more detail in the following sections when we discuss highly doped N and P-type barrier layers. Next, when discussing the theory in this section we assumed that the capacitance component from the CL can be safely neglected under reverse 538 VOLUME 7, 2019 bias. This assumption works well for many of the cases where the doping in the barrier is N-type, since the AL and CL will be under accumulation near zero bias. This holds except when the BL is thin enough such the CL capacitance becomes important near zero bias. However, this assumption breaks down in the case of P-type barrier layers, because both the AL and CL are depleted at zero bias. The model developed in this section can provide additional validation of the carrier concentrations and thicknesses of the device layers. This approach will work for the material parameters typically implemented in practice. Due to the need for the BL layer to be thick enough to prohibit majority carrier tunneling and the CL requiring a high doping level to facilitate Ohmic contact formation, the aforementioned ability to neglect the CL contribution to the total capacitance is justified. Furthermore, the thickness and doping level of the BL should be limited to lower the reverse bias required to slightly deplete the AL to maintain a high quantum efficiency; therefore the depleted BL assumption should also be valid. Other cases that do not satisfy these requirements can be quantified and explained with more robust techniques, such as the drift-diffusion method used in the following section.
IV. PARAMETRIC STUDY OF N-TYPE BARRIER LAYERS
Here, we present a comprehensive parametric study of the capacitance-voltage relationship in an nBn-style device with an N-type barrier. The results were gathered using the driftdiffusion model discussed in Section II. This method allows us to correctly account for finite layer thicknesses and interaction between the AL and CL neglected in the previous section. 
A. N-TYPE BL: AL AND CL DOPING
The C-V profiles for several combinations of AL and CL doping densities are shown in Fig. 5 for a N-type barrier layer doped 10 15 cm −3 . Under reverse bias the absorber layer is depleted and the absorber depletion capacitance dominates the total capacitance given by (1) . For low doping densities, this layer depletes quickly and approaches a constant minimum value of approximately 4.5 nF·cm −2 , which is consistent with the value predicted by the parallel plate VOLUME 7, 2019 539 model with a fully depleted 3 μm absorber. In the absence of high reverse bias phenomena such as device breakdown or trap-assisted tunneling, the capacitances will converge to this value regardless of the AL doping level. This behavior is not observed in the figure due to the large reverse bias required to deplete the layer when highly doped. These trends are also reflected in the CL under forward bias, or the contact depletion regime, but at a larger value of the capacitance due to the thinness of the layer. At low reverse bias, both the AL and CL are slightly accumulated, and in many cases (1) is dominated by C B . This is not true when the AL and CL have low doping densities, because a very small forward or reverse bias is required to deplete the AL or CL, respectively. In all instances, the total capacitance is lower than the parallel plate capacitance of the BL indicated by the horizontal reference line calculated by (2). Figure 6 shows the dependence of the C-V relationship as a function of barrier thickness and absorber doping for a barrier with a N-type doping density of 10 15 cm −3 . Horizontal lines reflecting the BL capacitance are drawn for reference using (2) . As the barrier thickness is increased the value of C B drops and limits the capacitance at low bias where the AL and CL are accumulated.
B. N-TYPE BL: BL THICKNESS AND DOPING
The reverse bias characteristic does not change with barrier layer thickness because the capacitance is dominated by the depletion layer in the AL. The C-V converges to nearly the same value as the lowly doped case in Fig. 5 since the 540 VOLUME 7, 2019 absorber layer is much thicker than all of the studied barrier layers. This is not true under forward bias, where the CL is thin enough to fully deplete and C B dominates the total capacitance. Figure 6b . shows the same analysis for an absorbing layer with a doping density of 10 17 . The C-V profile for this device is symmetric since the AL and CL doping densities are the same. Otherwise, the trends are the same as in (a). Figure 7 repeats the previous calculations for a highly doped barrier. A higher doping density in the barrier layer results in a broadening of the C-V peak near zero bias for all thicknesses, implying a larger reverse or forward bias required to deplete the absorber and contact layers respectively. This is also consistent with (6) . As the thickness of the barrier is increased, the barrier is no longer fully depleted. Consequently, near zero-bias with t = 300 nm, the C-V profile exceeds the C B "limit." The capacitance contribution from this layer is increased as it is now the series combination of two depletion capacitances. This behavior is emphasized when we turn to the heavily doped P-type barrier layers. Figure 8 repeats the calculation shown in Fig. 5 but replaces the N-type doping density with P-type. The differences between the figures are subtle, yet crucial to understand the device operation. A P-type barrier causes the n-type absorber and contact layers to begin in depletion near zero bias instead of accumulation. In the case of lowly doped AL and CL, there is no longer a maximum near zero bias like was seen in the N-type BL case. This is due to the addition of two depletion capacitances from the AL and CL in series with the barrier capacitance. When the AL and CL are highly doped, the results are comparable to the N-type case since the depletion capacitances are small in comparison to the barrier capacitance. The similarity of the figures is also due in part to the low crossover voltages given by (6) ; only a very small reverse or forward bias is required to fall into the same regime as the N-type case where one of the layers is depleted, while the other is accumulated.
V. PARAMETRIC STUDY OF P-TYPE BARRIER LAYERS A. P-TYPE BL: AL AND CL DOPING

B. P-TYPE BL: BL DOPING AND THICKNESS
We also studied how the barrier thickness and doping density affects the C-V characteristics for the P-type case. The results for a lowly doped BL with AL doping densities of 10 15 and 10 17 cm −3 are shown in Figs. 9a. and b. respectively. As in the previous subsection, the results are quite similar to the lowly doped N-type BL shown in Fig. 6 . Even though the P-type BL causes depletion in both the AL and CL, the low crossover voltages imply that neither layer will have an appreciable depletion thickness under forward or reverse bias, respectively. Just like in Fig. 8 , this causes the total C-V to be slightly lowered near zero bias, but has little impact at the extremes.
The highly doped P-type BL is somewhat more complex than any of the previous cases; the results are shown in Fig. 10 . To explain these results, we use the specific case shown in Fig. 11 . Under large reverse bias the total capacitance is limited by depletion in the AL. Near zero bias at (i), we have a local maximum driven by the shrinking depletion region in the AL. Meanwhile, the BL capacitance is near its maximum when the two disparate depletion regions are nearly equal in size.
After (i), three things occur simultaneously: the BL capacitance decreases as the depletion region at the BL-CL interface expands, the CL continues to deplete, and the AL is also still depleted. These effects drive the capacitance to a local minimum.
Between (ii) and (iii), the AL depletion region is shrinking more quickly than the BL is depleting, causing a slight rise in the C-V. The capacitance begins to decrease again as the BL and CL become fully depleted. VOLUME 7, 2019 541
The point at (iii) is another local minimum as the BL is fully depleted while the AL is still slightly depleted.
Finally, increasing the bias towards (iv) the total capacitance rises as the AL enters accumulation and no longer contributes to the C-V.
VI. CONCLUSION
In this article, we have presented a detailed discussion of the capacitance-voltage relationship of unipolar barrier devices. To do this, we developed a physics-based semi-analytical model, and showed that it agrees well with two-dimensional drift-diffusion simulations. We also showed that it is possible to not only determine the absorber doping, but also the doping level of the barrier and its thickness, with high accuracy by applying least squares regression to the semianalytical model. This strategy works well for parameters that are commonly used in practice when designing MWIR nBn photodetectors in order to enable high quantum efficiency at low bias with low dark current. Finally, we used the drift-diffusion model to fully explore the parameter space for both N and P-type barrier layers. We found that when the barrier is not fully depleted, the C-V profile can exceed the expected limit given by the barrier parallel plate capacitance. Furthermore, a P-type barrier with sufficiently high doping levels can lead to unexpected C-V behaviors. These cases were explained to be a result of how the AL, CL, and two BL depletion layers expand and contract at different rates under a changing bias by studying how the space charge density varies as a function of applied voltage. While the analysis presented in this work focused on InAsSb/AlAsSb, it can also be readily extended to other material systems used to implement "XBn" structures, such as HgCdTe or superlattices. 
